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A hypoxic microenvironment leads to cancer progression and increases the met-
astatic potential of cancer cells within tumors via epithelial-mesenchymal tran-
sition (EMT) and cancer stemness acquisition. The hypoxic response pathway can
occur under oxygen tensions of < 40 mmHg through hypoxia-inducible factors
(HIFs), which are considered key mediators in the adaptation to hypoxia. Previ-
ous studies have shown that cellular responses to hypoxia are required for EMT
and cancer stemness maintenance through HIF-10. and HIF-2q. The principal
transcription factors of EMT include Twist, Snail, Slug, Sip1 (Smad interacting
protein 1), and ZEB1 (zinc finger E-box-binding homeobox 1). HIFs bind to hypox-
ia response elements within the promoter region of these genes and also target
cancer stem cell-associated genes and mediate transcriptional responses to hy-
poxia during stem cell differentiation. Acquisition of stemness characteristics in
epithelial cells can be induced by activation of the EMT process. The mechanism
of these phenotypic changes includes epigenetic alterations, such as DNA meth-
ylation, histone modification, chromatin remodeling, and microRNAs. Increased
expression of EMT and pluripotent genes also play a role through demethylation
of their promoters. In this review, we summarize the role of hypoxia on the acqui-
sition of EMT and cancer stemness and the possible association with epigenetic
regulation, as well as their therapeutic applications.
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INTRODUCTION

man cancers [1,3-5].
EMT is a process by which epithelial cells are convert-

The majority of tumor cells in solid tumors lack blood
supply, resulting in a hypoxic tumor microenviron-
ment [1]. Prolonged hypoxic exposure of tumor cells in
a growing tumor may alter cellular behavior causing a
tumor to acquire a more aggressive phenotype [2]. In re-
cent decades, hypoxia-induced epithelial-mesenchymal
transition (EMT) has been characterized in multiple hu-
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ed into mesenchymal cells through loss of cell polarity,
a decrease in cell-to-cell adhesion, and a gain of migra-
tion ability [6]. EMT was first defined as an aspect of em-
bryogenesis, but recent observations support the critical
role of EMT in tumor progression and transition of an
early stage tumor into an invasive malignancy with com-
plicated and comprehensive cellular reprogramming [7].
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The process of EMT induces mesenchymal phenotypes
and self-renewal ability in cancer cells, which is believed
to be associated with the gain of cancer stemness prop-
erties [§].

Cancer stemness describes a small percentage of cells
with stem-like properties residing in a tumor that are
treatment-resistant [9]. These cancer stem cells (CSCs)
are tumor cells that possess self-renewal and multilin-
eage differentiation capacity that can generate second-
ary tumors [10]. Recent studies have shown that the gen-
eration of CSCs occurs in part as a result of EMT, and
that hypoxia-induced EMT leads to an increase in CSCs
during tumor progression, which subsequently enhanc-
es invasion and metastasis [11]. Acquisition of EMT and
cancer stemness plays a role in metastasis and treatment
resistance, which are associated with poor prognosis [10].

Epigenetic regulation, including DNA methylation
and histone modification, is involved in the pathogen-
esis of EMT and CSCs [7,12]. DNA methylation results in
the addition of methyl groups at the 5'-position of cyto-
sine residues of CpG dinucleotides found in mammali-
an DNA, which is mediated by three types of active DNA
methyltransferases (DNMTSs) [12,13]. DNA methylation
plays an important role in the loss of pluripotency and
developmental plasticity in cells [12]. Recently, epigenetic
markers of CSCs and the associated signaling cascades
have been proposed as promising therapeutic targets [12].

This review summarizes previous reports and recent
advances in hypoxia-induced EMT and CSC properties,
as well as their potential association with epigenetic
regulation.

HYPOXIA IN TUMORS

Definition of tumor hypoxia

Inadequate perfusion and diffusion within tumors can
lead to a hypoxic tumor microenvironment, which is
more severe in anemic cancer patients due to a decreased
O, transport capacity [14]. Prolonged oxygen deficiency
in a growing tumor can induce an aggressive cellular
phenotype [2]. Ambient air is 21% O, (150 mmHg) and
tissue hypoxia is typically defined as oxygen partial pres-
sure = 2% O, (= 15 mmHg). Severe hypoxia (or anoxia) is
defined as = 0.02% O,. Most mammalian tissues exist
at 2% to 9% O, (average 40 mmHg) [15]. Uterine cervix,
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head and neck, and breast cancer showed overall me-
dian pO, of 10 mmHg with the overall hypoxic fraction
(pO, = 2.5 mmHg) being approximately 25%. However,
pancreatic adenocarcinoma had the lowest median pO,
(2 mmHg) [14]. Tumor cells can survive prolonged oxy-
gen deficiency through adaptive cellular responses to
hypoxic stress [16].

Measurement of hypoxia in multiple cancers and its

clinical significance

Invasive and noninvasive procedures have been devel-
oped to assess tumor oxygenation status in xenografts
and tumors [14]. The method to detect tissue oxygen-
ation status should take into account the feasibility of
the approaches for a specific experiment. The gold stan-
dard method for the detection and characterization of
tumor oxygenation status is an invasive intratumoral
computerized polarographic oxygen-sensitive needle
electrode system, which provides a direct measurement
of tissue oxygenation status [17]. Studies based on po-
larographic oxygen needle electrodes showed that pre-
therapeutic tumor hypoxia is associated with poor prog-
nosis in locally advanced uterine cervix, head and neck
cancers, and soft tissue sarcomas [18]. Nevertheless, this
invasive technique has limited clinical applications. In
some cases, these electrodes are too dangerous for use
and cannot reach deep-seated tumors [19].

The methods to detect tissue oxygenation status
have changed from direct needle-sensor oxygen mea-
surements to indirect assays (hypoxia-inducible factor
[HIF]-related changes; bioreductive metabolism), and
these indirect assays can be analyzed non-invasively [19].
Surrogate markers for tumor hypoxia-related endoge-
nous proteins (e.g., HIF-10, GLUT-1 [glucose transport-
er 1], and CA IX [carbonic anhydrase IX]) showed prog-
nostic significance in patient outcomes [18]. Exogenous
hypoxia markers, such as 2-nitroimidazoles (e.g., pimo-
nidazole and EFs), are chemically modified in hypoxic
cells. However, the prognostic use of these exogenous
markers appears to be limited [18].

Role of the HIFs system

Tumor hypoxia occurs when the consumption of oxy-
gen exceeds its delivery by the vascular system [2]. Since
angiogenesis is required for tumor growth, hypoxia is
both induced from and results in tumorigenesis [20]. Ac-
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tivation of the hypoxic response pathway can occur un-
der oxygen tensions < 40 mmHg through stabilization
of HIFs, which have been identified as key mediators of
adaptation to hypoxia [1]. HIF-1 exists as a heterodimer
that includes HIF-10. and HIF-1f3 subunits. Although
HIF-10 is found at very low levels in a normoxic micro-
environment, HIF-1f is ubiquitously expressed [20].

Under normoxic conditions, the availability of oxygen
allows prolyl-hydroxylase domain (PHD) protein to hy-
droxylate proline residues on the HIF-10. protein. This
hydroxylation leads to a conformational change in HIF-
1a, which allows the von Hippel-Lindau (VHL) protein
to recognize and bind to it. This leads to proteosomal
degradation of the protein [21].

At reduced oxygen concentrations, PHD activity de-
creases and rapid degradation of HIF-1a does not occur.
Consequently, hydroxylation of HIF-10 proline residues
decreases, resulting in protein stabilization. HIF-10 can
then translocate to the nucleus and form a heterodimer
with HIF-1f3, a protein also localized to the nucleus.
This dimerization forms HIF-1, which binds to hypoxia
response elements (HREs) and regulates angiogenesis,
glycolysis, growth-factor signaling, immortalization, ge-
netic instability, tissue invasion and metastasis, apopto-
sis, and pH regulation [22].

HIF-2 is the second member of HIF transcription
factors. A dimeric complex of HIF-20. and HIF-1f ac-
tivates gene expression and initiates transcription from
the HIF-10. HRE [23]. Under hypoxia, PHD activity is in-
hibited, the binding of VHL is prevented, and HIF-2a
enters the nucleus to heterodimerize with HIF-1f3. Sub-
sequently, HIF-2a binds to HRE and transactivates a va-
riety of hypoxia response genes. During chronic hypoxic
conditions, HIF-2 performs a crucial role in driving the
hypoxic response, whereas HIF-1 drives the initial re-
sponse to hypoxia [24]. Although HIF-1 and HIF-2 share
many transcriptional targets, HIF-1 commonly controls
metabolism and glycolysis, whereas HIF-2 may play a
more oncogenic role [1].

HYPOXIA-INDUCED EMT AND ACQUISITION
OF STEM CELL PROPERTIES

Hypoxia and EMT in tumorigenesis
EMT is induced by hypoxia and other signaling path-
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ways, including Notch, transforming growth factor f3
(TGF-B), Sonic Hedgehog, and Wnt signaling [25]. Hy-
poxia-induced EMT is involved in cancer progression
and metastasis, and HIF-1 has been identified as a reg-
ulator of EMT in human cancers. Phenotypic changes
in EMT include the absence of epithelial markers (e.g.,
E-cadherin) and up-regulation of mesenchymal mark-
ers (e.g., vimentin, fibronectin, and N-cadherin) [6].
EMT can be modulated by HIF, which regulates the ex-
pression and functional activity of principal transcrip-
tion factors including Twist, Snail, Slug, Sip1 (Smad
interacting protein 1), and zinc finger E-box-binding
homeobox 1 (ZEB1) [26]. The promoter region of Twist
contains an HRE, which can be bound by HIF. Hypoxic
microenvironments induce EMT master regulators that
promote EMT changes, such as E-cadherin attenuation
through Snail up-regulation, as well as matrix metal-
loproteinase (MMP) production through activation of
Slug [27]. In patients with resected non-small cell lung
cancer, co-expression of HIF-1a, Twist1, and Snail was a
significant predictor of poor prognosis [28]. In addition,
inflammatory cells including neutrophils, lymphocytes,
macrophages, and myeloid-derived suppressor cells,
which secrete inflammatory cytokines including tumor
necrosis factor o, TGF-f, interleukin 1 (IL-1), IL-6, and
IL-8, may play major roles in hypoxia-induced EMT
[26]. TGF-p production stimulated by hypoxic stress
from myeloid cells, mesenchymal cells, and cancer cells
provides a possible mechanism through which hypoxia
induces TGF-p triggered EMT [26,29].

Normal stem cells and cancer stem cells

Stem cells are defined as undifferentiated biological
cells that can replicate themselves via self-renewal and
produce specialized cells of particular tissues or organs
through differentiation [9,30]. There are three broad
types of stem cells: embryonic stem cells, mesenchymal
stem cells, and induced pluripotent stem cells. Embry-
onic stem cells are isolated from the inner cell mass of
blastocysts, mesenchymal stem cells are obtained from
adult adipose tissue, blood, bone marrow, and cord
blood, and induced pluripotent stem cells can now be
prepared through advanced technology (viral and epi-
somal vector-mediated reprogramming, as well as mi-
croRNA- and protein-mediated induction of pluripo-

tency) [30,31].
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CSCs are cancer cells found within tumors or hema-
tological cancers that possess characteristics associated
with normal stem cells, including the capacity to self-
renew and cause heterogeneous lineages of cancer cells
that comprise the tumor [32]. These cells persist in tu-
mors as a distinct population and can lead to treatment
resistance, as well as relapse and metastasis by giving
rise to new tumors. Hematologic malignancies, such as
leukemia and multiple myeloma, have been character-
ized previously, showing that only a small subset of can-
cer cells are capable of extensive proliferation. It has also
been shown in solid tumors that only a small number of
cancer cells in lung, ovarian, or neuroblastoma cancer
are actually tumorigenic, and these tumorigenic cells
are considered to be CSCs [9,33]. Therefore, CSCs are be-
lieved to be tumor-initiating cells that are resistant to
chemotherapy and radiation therapy [34]-

Airway injury and epithelial cell loss following dam-
age may regulate stem or progenitor cell-mediated re-
pair in basal cells, Clara cells, alveolar type II cells, and
cells in the bronchioalveolar duct junction [35]. These
cells may be the origin of CSCs, which are important for
CSC research [1,36].

Hypoxia and the acquisition of stem cell traits

CSC biomarkers can be categorized as stem cell-like
markers (CD133, CD44, CD34, and CD2g4), pluripotency
genes (Oct3/4, Nanog, sex determining region Y-box 2
[SOX2], and MYC), invasiveness markers (vimentin,
N-cadherin, Snail, Twist, and ZEB1), and markers of drug
resistance (aldehyde dehydrogenase and ATP-binding
cassette [ABC] transporters) [12]. The CD24+ cell pop-
ulation expresses pluripotent genes including SOX2,
octamer-binding transcription factor 4 (Oct4), Nanog,
B lymphoma Mo-MLV insertion region 1 homolog
(Bmi-1), Rex-1, and the stimulated stem-cell specific
Wnt/B-catenin signaling pathway, which increases re-
sistance to chemotherapeutic drugs [37].

HIFs target CSC-associated genes [16] and mediate
transcriptional responses to hypoxia during normal
embryonic development, tumor growth, and stem cell
differentiation. Hypoxia promotes self-renewal capa-
bility and inhibits differentiation in glioma stem cells
[38]. Reduction in the oxygen level in human glioma cell
cultures significantly increases the percentage of cells
expressing CD133 [39]. Expression of HIF-1 and lactate
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dehydrogenase 5 in tumor tissues is associated with
CDg4-enriched stem cell populations, which is a poor
prognostic factor in bladder cancer patients treated with
radiotherapy [40]. Previous studies have shown that cel-
lular responses to hypoxia are required for CSC mainte-
nance through HIF-10 and HIF-2¢, but that HIF-2q is
more specific and selective for glioblastoma stem cells
[41].

C-X-C chemokine receptor type 4 (CXCR4), an
a-chemokine receptor specific for SDF-1 (stromal
cell-derived factor 1), induces downstream signaling
through several different pathways in tumorigenesis
and progression [42,43]. In the Lewis lung carcinoma
cell line, CXCR4+ cells show cancer metastatic stem cell
properties [44]. In colon cancer, hypoxia promotes the
expression of CXCRg4 transcript and protein at the cell
membrane, which is regulated by HIF-1a [45]. Liang et
al. [46] reported that CXCR4/C-X-C motif chemokine 12
(CXCL12) induces Akt phosphorylation, which stimu-
lates expression of vascular endothelial growth factor
(VEGE). These reports suggest that the CXCR4/CXCL12
axis induces angiogenesis, regulates EMT, and pro-
motes tumor progression and metastasis [42].

LINKING EMT TO CSC PROPERTIES AND THEIR
EPIGENETIC REGULATION

EMT-induced cancer stemness acquisition
Fig. 1 summarizes the overall cellular process of down-
stream signaling induced by a hypoxic microenviron-
ment. Acquisition of stemness characteristics in epi-
thelial cells can be induced by activation of the EMT
process [47]. Human mammary epithelial cells that un-
dergo EMT can form mammospheres, soft agar colo-
nies, and tumors [48]. In a mammary tumor progression
model, Morel et al. [49] showed that cancer cells pos-
sessing both stemness and tumorigenic characteristics
of CSCs can be derived by EMT induction. Moreover,
the early events of cellular invasion in situ can facilitate
cancer dissemination, in part through EMT [50].
Factors that control EMT also play a role in stemness
in the context of cancer [47]. Snail and Slug are transcrip-
tion factors involved in wound healing or protecting
stem cell/progenitor cells from DNA damage. In ovar-
ian cancer cells, Snail and Slug mediate the acquisition
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Figure 1. Schematic representation of the downstream signaling cascade initiated by a hypoxic microenvironment. Hypoxic
response pathways result in cancer cells acquiring epithelial-mesenchymal transition (EMT) and stemness through hypox-
ia-inducible factor 10 (HIF-10) and HIF-2a. These phenotypic changes are regulated by epigenetic alterations. The EMT
signaling pathway is primarily mediated by transforming growth factor g (TGF-p), Wnt, and other growth factors including
endothelial growth factor (EGF), hepatocyte growth factor (HGF), insulin-like growth factor (IGF), and fibroblast growth factor
(FGF) families. The primary transcription factors of EMT are Twist1/2, Snail, Slug, and zinc finger E-box-binding homeobox
1/2 (ZEB1/2). HIFs also target cancer stem cell (CSC)-associated signaling pathways and mediate transcriptional responses to
hypoxia. Acquisition of stemness characteristics in epithelial cells can be induced by activation of the EMT process. Ultimately,
cancer cells show tumor initiation, metastasis, and resistance to therapy. Oct4, octamer-binding transcription factor 4; SOXz2,
sex determining region Y-box 2; K1fs, Kruppel-like factor 4; NF-kB, nuclear factor xB; P3K, phosphoinositide 3-kinase; MAPK/
ERK, mitogen-activated protein kinase/extracellular signal-related kinase; JAK-STAT, Janus kinase-signal transducer and acti-
vator of transcription; VEGEF, vascular endothelial growth factor; ALDH1, aldehyde dehydrogenase 1 family; ABC, ATP-binding
cassette; CD, cluster of differentiation; ABCG2, ATP-binding cassette sub-family G member 2; ALDH1A1, aldehyde dehydro-
genase 1 family, member A1; EpCAM, epithelial cell adhesion molecule; SSEA4, stage-specific embryonic antigen-4; CXCRg4,
C-X-C chemokine receptor type 4; BMI-1, B lymphoma Mo-MLV insertion region 1 homolog.

of stem cell characteristics including radiotherapy and
chemotherapy resistance, which may contribute to ag-
gressive cancer metastasis [51]. ZEB1 is an EMT induc-
er and a crucial promoter of invasion and metastasis
in cancer. ZEB1 links EMT activation and stemness
maintenance by suppressing the microRNA-200 family,
which strongly induces epithelial differentiation, as well
as by repressing stemness-inhibiting microRNA-203
[52]. Furthermore, stemness-related genes have been im-
plicated in the acquisition of mesenchymal phenotypes.

https://doi.org/10.3904/kjim.2016.302

In hepatocellular carcinoma patients, CD44 overexpres-
sion is associated with decreased expression of E-cad-
herin, increased expression of vimentin, a high level of
phospho-Smad2-positive nuclei, and poor overall sur-
vival [53]. CD133, 2 CSC marker in multiple malignancies,
contributes to EMT induction and tumor invasiveness
in vitro, which is mediated by nuclear factor kB activa-
tion, as well as stemness properties in vivo in pancreatic
cancer [54].
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Effect of demethylation (or epigenetic regulation) on
EMT markers

Acquired epigenetic alterations in gene expression play
a role in the early stages of carcinogenesis. These can
generally be classified as DNA methylation, histone
modification, chromatin remodeling, and microRNAs
[55]. Epigenetic programming can regulate EMT, and
EMT may be reversed by dynamic epigenetic modifica-
tions [55].

DNA methylation occurs at the 5’-position of cytosine
residues within CpG dinucleotides and leads to gene
silencing. Three types of DNMTs (DNMT1, DNMT3A,
and DNMT3B) are responsible for this modification.
DNMT1i, which is a maintenance methyltranferase,
maintains pre-existing methylation patterns by adding
methyl groups to the hemimethylated DNA during the
S-phase of the cell cycle. DNMT3A and DNMT3B, which
are de novo methyltransferases, determine the methyl-
ation pattern of genes by targeting unmethylated CpG
sites [12].

Promoter methylation of E-cadherin, as opposed to
mutational inactivation, results in an increased mes-
enchymal phenotype and invasiveness in breast cancer
cells [56]. Chen et al. [57] showed that DNA methylation
regulates the transcription of Snail and Slug genes,
and their transcription in EMT/mesenchymal epithe-
lial transition processes are associated with the DNA
methylation level in the first intron region. Treatment
with 5-aza-2’-deoxycytidine, an inhibitor of DNMT, can
induce expression of these Snail and Slug genes. The
methylation patterns in CpG islands are also associat-
ed with tumor prognosis in patients with acute myeloid
leukemia [58].

MicroRNAs, small non-coding RNA molecules, have
also been associated with EMT. The microRNA-200
family (strong inducers of epithelial differentiation) is
repressed by the EMT activator ZEB1 [52], and the tumor
suppressor p53 plays an essential role in regulating EMT
by modulating microRNAs [59]. Loss of p53 in mamma-
ry epithelial cells results in decreased expression of
microRNA-200c and activation of the EMT process. In
addition, cells that undergo EMT are often methylated
in the promoter region of microRNA-203 [60]. Restoring
microRNA-203 expression can compromise tumor ini-
tiation and metastasis, as well as cellular migration and
invasion [60].
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Effect of demethylation (or epigenetic regulation) on
stem cell markers

CSCs can be generated from epigenetic reprogramming
where stem cell-specific genes regain their pluripoten-
cy, whereas genes specific for differentiation are down-
regulated [12]. The increased expression of pluripotent
genes coincides with their promoter demethylation,
which suggests that demethylation of promoter DNA
may be important in the epigenetic reprogramming
of somatic cell nuclei [61]. Recently, El Helou et al. [62]
observed hypomethylation of breast CSCs in 68 differ-
entially methylated regions compared with non-breast
CSC populations, which worsen clinical outcomes.

The Oct4 gene, which encodes the POU-domain
DNA-binding protein, is a critical pluripotency regula-
tor. Expression of the Octg gene is important for the ac-
quisition of pluripotency in embryonic cells. The Oct4
promoter in cloned cumulus cell embryos becomes
gradually demethylated during nuclear reprogramming
[63]. Inflammatory reactions in the cancer microenvi-
ronment can increase p53 and p21 DNA hypermethyl-
ation through DNMT?1 overexpression. Upregulation of’
DNMT1 led to cancer initiation and CSC proliferation
by downregulating p53 and p21 through DNA hyper-
methylation [64].

The CXCR4/CXCLi2 interactions mediate mainte-
nance and activation of cancer stemness properties
[42]. Silencing of CXCL12 due to aberrant methylation
is common and is an unfavorable prognostic marker
in patients with lung cancer [65]. In addition, aberrant
methylation of CXCL12 plays an important role in or-
gan-specific patterns of metastasis in gastric cancer [66]
and breast cancer [67]. Kubarek and Jagodzinski [68] re-
ported that upregulation of CXCR4 and CXCL12 in en-
dometrial cancer is mediated by DNA demethylation of
CpG island promoters, which is associated with the tem-
porary increase in DNMT3B4. In pancreatic cancer cells,
RNA interference-mediated knockdown of DNMT1 and
DNMT3B can increase promoter demethylation, which
increases CXCRy4 expression. These results indicate that
DNMT's may be a useful therapeutic target [69).

MicroRNAs are important in the epigenetic repro-
gramming of CSCs [8]. MicroRNA-302 is believed to
mediate pluripotent stem cell reprogramming and
improves drug sensitivity in hepatocellular carcinoma
cells [70]. MicroRNA-34a is a key negative regulator of
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CD44+ prostate cancer cells, and increased expression
of microRNA-34a inhibits clonogenic expansion, tu-
mor regeneration, and metastasis [71]. MicroRNA-200c
is known to suppress BMI-1, a regulator of stem cell
self-renewal, and inhibit the clonal expansion of breast
cancer cells, the growth of embryonal carcinoma cells in
vitro and tumor formation driven by human breast CSCs
in vivo [72]. Suppression of microRNA-200 is required for
normal stem cells to form mammary ducts and breast
CSCs for tumor formation. In addition, overexpression
of microRNA-9 was observed in breast tumors showing
the breast CSC phenotype (CD44+/CD24-) and expres-
sion of EMT markers (vimentin expression and E-cad-
herin loss) [73]. Furthermore, it is believed that microR-
NA-g inhibits the expression of CXCR4 mediated by
the Wnt/B-catenin signaling pathway in oral squamous
cell carcinoma [74]. The expression of CXCR4, MMP-2,
MMP-9, and VEGF are suppressed by microRNA-451,
which acts as a tumor suppressor in As49 lung cancer
cells [75]. Therefore, these microRNAs play an import-
ant role in controlling cancer progression and stem cell
characteristics.

THERAPEUTIC APPROACHES THROUGH THE
EPIGENETIC REGULATION OF EMT AND CSC
CHARACTERISTICS

Both EMT and stemness are associated with resis-
tance to chemotherapy in tumors [47]. ABC transporter
genes involved in chemoresistance can be upregulated
by EMT-inducing transcription factors, such as Twist,
Snail, and Slug, through their ability to induce EMT [47].
The EMT process plays a role in generating the stem
cell phenotype, and expression of CD44 or CD133 stem-
ness genes confers chemoresistance [76]. CSCs express
several ABC transporters, including ABCB1 (P-glycopro-
tein), a product of the multidrug resistance gene found
in more than half of drug-resistant tumors [12].

DNMT and/or histone deacetylase (HDAC) inhibitors
are believed to have therapeutic potential for chemosen-
sitization of drug-resistant cells. The compounds 5-aza-
CR and 5-aza-CdR have now received US Food and Drug
Administration approval for the treatment of myelodys-
plastic syndrome. These agents may transform highly
invasive cancer cells into epithelial cells by restoring
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the expression of E-cadherin in various cancers [55,77].
Several HDAC inhibitors are being evaluated in clinical
trials to specifically target cancer cells.

The regulatory role of microRNAs in drug-resistance
has been shown in CSCs. Increasing the expression of
tumor suppressor microRNAs, including the microR-
NA-200 family, microRNA-153, microRNA-145, microR-
NA-96, microRNA-34, microRNA-7, and Let-7a are used
therapeutically. In addition, reduced expression of on-
co-microRNAs, such as microRNA-261, microRNA-181,
and microRNA-21, are novel agents in cancer therapy [8].
Restoration of microRNA-200 and Let-7 family mem-
bers is expected to influence and reverse EMT and the
stemness phenotype, which could induce epithelial dif-
ferentiation and repress the self-renewal capacity [78].
Recently, checkpoint inhibitors including anti-cyto-
toxic T-lymphocyte-associated protein 4 (CTLA-4), an-
ti-programmed cell death protein 1 (anti-PD-1), and an-
ti-PD-L1 have been proposed as promising treatments.
Inhibition of CXCR4 following treatment with sorafenib
in hepatocellular carcinoma has been shown to inhibit
tumor growth, reduce lung metastasis, and improve sur-
vival. Furthermore, anti-PD-1 treatment showed addi-
tional antitumor activity when combined with sorafenib
and the CXCRg4 inhibitor [79]. Thus, epigenetic therapy
alone or in combination with chemotherapy may repre-
sent a novel strategy for the treatment of drug-resistant
tumors.

CONCLUSIONS

In conclusion, the association among tumor hypoxia,
EMT and cancer stemness is an ongoing hot issue in
the laboratory, although limitations of clinical appli-
cation must be taken into consideration. Hypoxic re-
sponse pathways lead cancer cells to acquire EMT and
stemness and these changes are regulated by epigene-
tic alterations (DNA methylation, histone modification,
and microRNAs). Clinical approaches through epigen-
etic regulation of EMT and CSC have therapeutic po-
tentials to induce epithelial differentiation and repress
self-renewal capacity, which is promising for treatment
of drug-resistant tumor.
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